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Abstract  

Microfluidic sampling media based on paper and its modifications with either gold nanoparticles or 

sputtered gold were evaluated for potentiometric determination of Na+, K+, and Cl– ions in clinically 

relevant samples. The measurements were conducted in comparison to other commonly considered 

microfluidic substrates, i.e. sponge, polyester textile, and polyamide textile. Ion determination was 

done by using solid-contact ion-selective electrodes based on plasticized PVC membranes for Na+, K+, 

and Cl– ions and utilizing PEDOT(PSS) or PEDOT(Cl) as the ion-to-electron transducer. The solid-
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contact ion-selective electrodes and a solid-state reference electrode were placed directly on the 

substrate into which the sample solution was wicked. Transport of bovine serum albumin (BSA) 

through the paper substrate was studied by ellipsometry. Modification of the paper substrates by gold 

nanoparticles (AuNPs) was found to slow down the transport of BSA through the paper, when 

compared with unmodified paper substrates and when compared with all the other alternative sampling 

matrices studied. The retention of BSA obtained with AuNP-modified paper substrates significantly 

improved the accuracy of the potentiometric ion determinations in sweat, saliva, artificial tears, and 

artificial serum. The potentiometric results were validated by inductively coupled plasma optical 

emission spectrometry (ICP-OES) and ion chromatography (IC). The study indicates that modification 

of paper by AuNPs is a feasible approach to reduce biofouling of sensors that are used in the paper-

based analysis of clinically relevant samples. 
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1. Introduction 

The monitoring of ions in clinical samples, such as blood, sweat, tears and saliva, is vital to assess 

human health [1,2]. For example, K+, Na+ and Cl– play essential roles in human metabolism, affecting 

multiple physiological body processes. Thus any abnormal concentration changes of these ions in the 

body fluids may be an indication of pathological conditions in the living organisms [3–8]. Ion 

concentrations in body fluids/clinical samples can be assessed by a number of analytical techniques, 

such as colorimetry, fluorescence spectroscopy, atomic spectroscopy and ion chromatography. These 

methods, however, are associated with complicated apparatus and complex experimental procedures. 
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Moreover, the volume of samples required (e.g. more than a milliliter) may be a limitation in their 

practical applications [9–12]. Therefore, ions such as K+, Na+ and Cl– are nowadays determined 

routinely by ion-selective electrodes (ISEs) as an integral part of modern automated clinical analyzers 

requiring sub-milliliter sample volumes. These high-throughput clinical analyzers are mostly used in 

hospitals and are not suitable for decentralized personal health monitoring and wearable sensing 

applications [13].  

However, potentiometry and ISEs do offer a solution for portable, cost-effective, reliable and rapid 

determination of ion concentrations in clinical samples [14–22]. In order to simplify sampling and 

transport of small-volume samples, microfluidic sampling using paper, textile, and sponge substrates 

coupled with ion-selective electrodes (ISEs) were proposed [23–32]. In potentiometry, ISEs and the 

reference electrode can simply be pressed onto the microfluidic sampling substrate (such as paper, 

textile or sponge). When the sampling substrate is in contact with the sample solution it wicks the 

sample solution into the substrate matrix, thereby delivering the solution to the electrodes. The solid-

contact ISEs, e.g. based on PEDOT as ion-to-electron transducer were commonly studied for the use 

in robust design of potentiometric sensors [33,34]. In the potentiometric cell, aside of solid-contact 

ISEs, typically a conventional silver/silver chloride (Ag/AgCl, 3 mol L–1 KCl) reference electrode 

(RE) is used [35]. However, the liquid-junction reference electrodes can pose some operational 

constrains when considering different potentiometric cell configurations and applicability to various 

sampling surfaces. For that reason, solid-state reference electrodes may be more applicable in the 

potentiometric cell coupled with microfluidic solution sampling [36–39]. Finally, the microfluidic 

sampling substrates coupled with ISEs serve as a platform: (i) to collect microliter volume samples, 

(ii) to allow in-situ prefiltration of the sample, and (iii) to prevent interferents in the sample from 

reaching the ISEs [24,26,27].  

In clinical samples, ISEs and REs undergo biofouling due to non-specific adsorption of biomolecules, 

e.g. proteins, onto the electrode surface [40,41]. This in turn alters the potential at the electrode | sample 
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solution interface, affecting the analysis of ions in clinically relevant samples [40,42,43]. The 

substrates used for microfluidic sampling may cause physico- and chemo-sorption of ions and 

biomolecules into their structure [24,26,27,44–46]. This property may be used to slow down the 

transport of biomolecules and prevent them from reaching the electrode surface where the ion detection 

takes place. Proper selection and design of the microfluidic sampling substrate may thus protect ISEs 

from biofouling. Furthermore, modifications of microfluidic sampling substrates with nanomaterials 

possessing high affinity to proteins through physio-chemical adsorption, e.g. gold nanoparticles 

(AuNPs), may further reduce biofouling [47–50]. Biomolecules, such as proteins can easily adsorb 

onto gold, e.g. AuNPs [51]. 

In this work, solid-contact potentiometric ion sensors and a solid-state reference electrode were 

integrated with microfluidic sampling. Paper-based microfluidic substrates were modified with gold 

nanoparticles (AuNPs) and sputtered gold to reduce biofouling. Paper-based substrates were compared 

with the sponge and textile based microfluidic sampling substrates, with special emphasis on reducing 

the effects of biofouling on the response of the ISEs.  

 

2. Experimental 

2.1. Chemicals, materials and electrodes. 

Gold(III) chloride trihydrate (HAuCl4) (purity ≥ 99.9%), trisodium citrate dihydrate (purity ≥ 99%), 

sodium polystyrene sulfonate (NaPSS) (purity ≥ 99%), 3,4-ethylenedioxythiophene (EDOT) (purity ≥ 

99%), potassium ionophore I (purity ≥ 99%), sodium ionophore X (purity ≥ 99%), 

tridodecylmethylammonium chloride (TDMACl) (purity ≥ 99%), sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaTFPB) (purity ≥ 98%), 2-nitrophenyl octylether (o-NPOE) 

(purity ≥ 99%), bis(2-ethylhexyl) sebacate (DOS) (purity ≥ 99%), poly(vinyl chloride), (PVC) (purity 

≥ 99%), tetrahydrofuran (THF) (purity ≥ 99%), HNO3 (purity ≥ 99%, trace metal grade), phosphate-
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buffered saline tablet (PBS) and bovine serum albumin (BSA, lyophilized powder) were obtained from 

Sigma-Aldrich (Germany). Potassium chloride (KCl) (purity ≥ 99%) was purchased from Merck 

KGaA (Germany). Sodium chloride (NaCl) (purity ≥ 99%) and 30% hydrogen peroxide (H2O2) were 

obtained from VWR International (USA). The standard, IV-ICPMS-71A, utilized for calibration of 

inductively coupled plasma mass spectrometry (ICP-MS) was purchased from Inorganic Ventures 

(USA). The instrument calibration standard 2 for calibration of inductively coupled plasma-optical 

emission spectrometry (ICP-OES) was obtained from PerkinElmer, Inc. (USA). The multi anion 

standard 1 for ion chromatography (IC) was purchased from Sigma-Aldrich (Germany). The single-

junction Ag/AgCl (3M KCl) reference electrode and lyophilized multicontrols prepared from human 

serum (Abtrol and Nortrol, further named as artificial serum samples 1, 2, 3) were purchased from 

Thermo Fisher (USA). The artificial tear was purchased from Allergan, Inc. (USA). Glassy carbon 

(GC) disk electrodes were obtained from Bioanalytical Systems (USA). The cellulose-based filter 

paper substrate (grade 390) was purchased from Sartorius (Germany), two types of textile substrates 

(made of 100% polyester and 100% polyamide) were obtained from Daiso Sangyo Inc. (Japan), and 

the polyurethane (PU) sponges (thickness as 1 cm) were purchased from YongSheng sponge plant 

(China). The paper, sponge, 100% polyester and 100% polyamide substrates are further named as PS, 

SS, TS1 and TS2, respectively. The ultra-pure water was obtained with the Milli-Q Integral 10 Water 

Purification System, Sigma-Aldrich (USA). 

2.2. Preparation of ion-selective and solid-state reference electrodes.  

Solid-contact K+-, Na+- and Cl–-ISEs were prepared using GC electrodes (3 mm in diameter) encased 

in PVC body (8 mm in outer diameter). The GC electrodes were polished using 0.3 μm alumina slurry 

on a soft pad and then washed with ultra-pure water. Subsequently, the electropolymerization of 

PEDOT on GC was performed from a solution consisting of 0.01 mol L–1 EDOT and 0.1 mol L–1 

NaPSS for K+- and Na+-ISEs (and 0.1 mol L–1 KCl for Cl–-ISEs). The electropolymerization was 

carried out using a CHI760E electrochemical workstation, CH Instruments, Inc. (USA), using a three-
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electrode system where the glassy carbon electrode was used as the working electrode, a Pt mesh as 

the counter electrode and an Ag/AgCl (3 mol L–1 KCl) as the reference electrode. The polymerization 

was performed by applying to the electrochemical cell a constant current of 0.014 mA (resulting in a 

current density of 0.2 mA cm–2) for 714 s [33,52]. After that, the electrodes were washed with ultra-

pure water and dried overnight in the open air at room temperature (23 ± 2 °C). Then, ion-selective 

membranes (ISMs) were cast on top of the dried PEDOT (PSS– or Cl–) by applying 60 µL of ISM 

cocktail in portions of 20 µL with a one-hour interval between each portion of ISM cocktail. The 

composition of the ISM cocktails were (w/w %): 1% sodium ionophore X, 0.3% KTpClPB, 66% o-

NPOE and 32.7% PVC for Na+-ISEs, 1% potassium ionophore I, 0.3% KTpClPB, 65.2% DOS and 

33% PVC for K+-ISEs and 15% TDMACl, 51% o-NPOE and 34% PVC for Cl–-ISEs. Each ISM 

cocktail was prepared by dissolving membrane components in 2 mL THF. After ISM cocktail casting, 

the ISEs were left overnight in the open air at room temperature (23 ± 2 °C) to evaporate the residual 

solvent. Before use, all ISEs were conditioned for 24 h in 10–3 mol L–1 NaCl for Na+-ISEs, 10–3 mol 

L–1 KCl for K+-and Cl–-ISEs and between measurements, ISEs were stored in 10–3 mol L–1 NaCl for 

Na+-ISEs, 10–3 mol L–1 KCl for K+-and Cl–-ISEs. 

Furthermore, a solid-state reference electrode was prepared as reported elsewhere [53,54]. In brief, the 

Ag/AgCl reference element was prepared using a silver wire (99.99%, 2 mm diameter) which was 

chlorinated galvanostatically from 0.1 mol L–1 HCl (0.1 mA for 3 hours). The prepared Ag/AgCl 

element was rinsed with 0.1 mol L–1 HNO3 and ultra-pure water. Then, dried KCl powder was 

dispersed in the solid polymer (polyvinyl acetate) (1 : 1) together with 1% wt of photoinitiator (2,2-

dimethoxy-2-phenylacetophenone) and transferred to a vial into which the Ag/AgCl wire was also 

inserted. Irradiation by UV light at 365 nm with 35 W power was applied until the material hardened. 

After polymerization the bottom of the vial was removed and the revealed surface was cleaned and 

ground to obtain the desire shape and size of the reference electrode [54]. The prepared RE was then 
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conditioned in 3 mol L–1 KCl and its potential, as well as stability, were measured against the double 

junction reference electrode. 

2.3. Preparation of microfluidic sampling substrates 

Unmodified substrates of PS, SS, TS1 and TS2 were cut into 3 × 1 cm2 pieces from original materials, 

and then immersed in ultra-pure water for 30 min while stirring to remove water-soluble impurities. 

The substrates were then dried in an oven at 70 °C for 30 min and were ready for further use. Only 

paper substrates were modified by AuNPs and sputtered Au layers. For AuNP-modified paper 

substrates, the AuNPs were prepared by first adding 10 mL 0.038 mol L–1 trisodium citrate into 50 mL 

10–3 mol L–1 HAuCl4 which was heated to 80°C while stirring. Then the mixture was further heated to 

100 °C under stirring, until the color turned into a deep purple. Afterwards, the solution was left at 

room temperature to cool down with stirring. Subsequently, the cooled down AuNPs were stored at 4 

°C in the fridge (further called AuNPs suspension) [55]. The prepared AuNPs were characterized by 

UV-1800 UV spectrophotometer, Shimadzu (Japan) and JEM-1400 Plus Transmission electron 

microscope (TEM) JEOL (Japan). For AuNP-modified paper substrates, the PS was either conditioned 

for 4 hours in the prepared AuNPs suspension and then dried in the open air until completely dry 

(further named as NPPS0) or through pipetting different volumes of the AuNPs suspension, namely 

30, 60 and 90 µL (further named as NPPS1, NPPS2 and NPPS3, respectively) and then dried in the 

open air until completely dry. The relatively long conditioning time for NPPS0 was implemented to 

assure the complete adsorption of AuNPs onto the paper substrate. For the sputtered gold modified 

paper substrates, different amounts/thicknesses of Au were sputtered using JEC-300FC Sputter Coater, 

JEOL (Japan) on only one side of the paper substrates. The amount of Au sputtered on untreated paper 

substrates was controlled via the sputtering time, namely 50, 100, 200 and 300 s (further named SPS1, 

SPS2, SPS3 and SPS4, respectively).  
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2.4. Characterization of microfluidic sampling substrates and potentiometric measurements 

All untreated substrates, namely PS, SS, TS1 and TS2 were used to study the concentration-dependent 

adsorption/desorption of clinically relevant ions, such as K+ and Na+, onto/off microfluidic sampling 

substrates using two different protocols. In protocol A, 10–5, 10–4, 10–3, 10–2 and 10–1 mol L–1 of either 

KCl or NaCl were pipetted onto each substrate until their full sorption capacity was reached, e.g. 80 

µL for PS, SS and TS1, and 200 µL for TS2. The contact between the applied salt solutions and the 

substrates was kept for 60 s as to resemble a typical potentiometric measurement time (60 s). Then the 

substrates were vigorously rinsed with ultra-pure water and oven-dried at 70 C for 30 min. In protocol 

B, each substrate was soaked in 10 mL of 10–5, 10–4, 10–3, 10–2 and 10–1 mol L–1 of either KCl or NaCl 

for 60 s as to resemble unlimited access to ions from the bulk of the solution to the microfluidic 

substrates. Then the substrates were vigorously rinsed with ultra-pure water and oven-dried at 70 C 

for 30 min. Subsequently, substrates from both protocols A and B were first cut into small pieces, 

digested (placed into 100 mL Teflon vessels with 7 mL 70% HNO3 and 3 mL 30% H2O2 added) using 

MPS Titan microwave sample preparation system (USA) [26,27]. After digestion, samples were 

diluted and filtered by Acrodisc 25 mm syringe filter with 0.45 µm supor membrane (Pall, USA). The 

determination of sodium and potassium concentrations in the obtained samples as well as pure 

substrates without solution contact (treated as a blank sample) was performed by ICAP Q inductively 

coupled plasma mass spectrometry (ICP-MS), Thermo Scientific (USA).  

The microfluidic sampling substrates were investigated with ISEs and liquid- or solid-state reference 

electrodes. Before that, the potentiometric response of the ISEs were recorded in bulk solution (beaker-

based measurements) and only electrodes with a near-Nernstian response (slope = 56 ± 2 mV dec–1 for 

K+ and Na+-ISEs, –56 ± 2 mV dec–1 for Cl–-ISEs) were used further for microfluidic sampling utilizing 

pure PS, SS, TS1, TS2 and gold modified paper substrates. In the substrate-based microfluidic 

sampling, the ISEs and reference electrode were placed onto the substrate by gravitational force. The 

potentiometric measurements (i.e. electromotive force, EMF) were performed using an EMF16 

https://www.selectscience.net/products/thermo-scientific-icap-q-icp-ms/?prodID=194942
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Interface potentiometer, Lawson Labs Inc. equipped with L-EMF DAQ 3.0 software (USA). The 

measurements were carried out at room temperature (23 ± 2 °C). The activity coefficients were 

calculated according to the Debye–Hückel approximation. In each measurement the potential was 

recorded for 60 s and repeated three times (uncertainties reported from at least three measurements). 

For measurements utilizing substrate-based sampling, a new piece of the substrate was used for every 

new analyte.  

Electrochemical impedance spectroscopy (EIS) of potentiometric cells including PS, SS, TS1 and TS2 

was conducted utilizing K+-ISEs and unmodified microfluidic substrates in a three-electrode cell. The 

K+-ISE, a conventional single-junction Ag/AgCl (3 mol L–1 KCl) reference electrode and a Pt mesh 

were used as working, reference and counter electrode, respectively. EIS was carried out using a 

Gamry interface 100 potentiostat, Gamry Instruments Inc (USA). The EIS spectra were recorded at 

open circuit potential (OCP) in 0.1 mol L–1 KCl (aq), within the frequency range of 100 kHz to 0.01 

Hz (61 data points per one measurement) by using an excitation amplitude of 0.01 V. Beaker-based 

EIS measurements were carried out with the electrodes immersed in 0.1 mol L–1 KCl solution. In 

microfluidic substrate-based EIS measurements, the ISE, Ag/AgCl (3 mol L–1 KCl) reference electrode 

and the Pt mesh (flatly placed) were placed on the substrates fully soaked with 0.1 mol L–1 KCl. 

Standard deviation was calculated using three consecutive measurements. All measurements were 

performed at room temperature (23 ± 2 °C). The impedance spectra were fitted to equivalent circuits 

by using an EIS Spectrum Analyser 1.0 software [56].  

The morphology of the Au-modified paper substrates with and without conditioning by 1 mg mL–1 

BSA in 0.01 mol L–1 PBS was done using JSM-7600F Field Emission Scanning Electron Microscopy 

(FE-SEM) (Japan). The image of Au sputtered papers was obtained by a U-25LBD Microscope, 

Olympus (Japan). The energy dispersive X-ray analysis (EDXA) mapping  (C, Au, S and N) of NPPS0 

after conditioning in 1 mg L-1 BSA in 0.01M PBS was performed to illustrate the BSA adsorption onto 

the AuNPs. Furthermore, the changes in the hydrophobicity/hydrophilicity of the paper surface were 
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measured by the contact angle of a water droplet (5µL/ droplet) on one side of the paper. The contact 

angle was measure by a Dataphysics OCA 15 goniometer (Hamburg, Germany) with inbuilt software 

(SCA20). 

Solution transport across the unmodified and Au-modified substrates were also investigated. For that 

purpose, substrate samples (1×1 cm2) were cut from each parent substrate material (paper, sponge and 

textiles) or prepared as mentioned in the previous chapter (for Au-modified paper substrates). After 

that, each sample substrate was fixed individually in a mounting assembly as shown in Fig. 1A. Each 

individual microfluidic sampling substrate was placed between two polypropylene pipette tips and 

gently tightened by pressing the pipette tips together while keeping the sampling substrate in-between 

(without tearing it apart). In this assembly the active substrate area was ca 7 mm2. The lower part of 

the assembly (lower tip) was then filled with 0.15 ml of 0.01 mol L–1 PBS and carefully fixed in a 

cuvette (filled with PBS), in vertical position, so that the lower part of tip was in continuous contact 

with 0.01 mol L–1 PBS (pH 7.4 at 25 °C) (Fig. 1B). Then, freshly prepared 550 µL PBS–BSA was 

pipetted carefully into the upper part of the mounting assembly. After passing through the substrate, 

the final concentration of the BSA in the cuvette would be 1 mg mL–1 in 0.01 mol L–1 PBS, if no BSA 

was absorbed by the substrate. The time needed for the solution to pass the substrate mounted in the 

mounting assembly was then measured. For each substrate material (each measurement a new substrate 

was used), 3 replicates were recorded (n = 3).  

To investigate the response time of potentiometric sensors when coupled with unmodified and gold 

modified paper-based substrates, the K+-ISEs coupled with the conventional liquid-junction reference 

electrode were used to measure the potential in 10–3 mol L–1 KCl. The potential measurement was 

started immediately after addition of the solution to the paper substrate and was performed for the 

duration of 120 s. Hence, the response time includes the time it takes for the sample to be transported 

through the paper substrate.  
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2.5. Biofouling of ISEs during microfluidic solution sampling. 

The potentiometric response of ISEs to biofouling caused by 1 mg mL–1 BSA in 0.01 mol L–1 PBS 

was recorded both under beaker- and microfluidic sampling. For beaker-based potentiometric 

measurements the biofouling was carried out by recording the potential of the ISEs in 0.01 mol L–1 

PBS solution with subsequent additions of aliquots of BSA in 0.01 mol L–1 PBS to the solution, 

resulting in the total concentration of 1 mg mL–1 BSA in 0.01 mol L–1 PBS. For microfluidic substrate-

based sampling, the ISEs were tested first when coupled with microfluidic substrates (reaching their 

full solution holding capacity) containing 0.01 mol L–1 PBS. After that, a new microfluidic substrate 

was taken and the same measurement was done using 1 mg mL–1 BSA in 0.01 mol L–1 PBS. The 

potentiometric response of the ISEs was measured for 60 s after each change in the solution 

composition. In addition, between measurements electrodes were rinsed with ultrapure water. The 

measurements were done on freshly prepared K+-ISEs and for K+-ISEs conditioned in 10–3 mol L–1 

KCl. The protocol was repeated twice to study the initial and subsequent potential response of the ISE 

to the BSA present in the solution. For each electrode configuration, three consecutive measurements 

were performed, and the uncertainties of the measurements were reported (n = 3).  

The ability of the microfluidic sampling substrates to retain or retard protein transport across the 

substrates was studied by using an automated Rudolph ellipsometer (Rudolph Research, Fairfield, 

USA, type 43603-200E) that could detect the amount of BSA that passed through the sampling 

substrate. For each experiment, a fresh ellipsometric gold substrate was first carefully washed with 

ethanol (99.5%) and deionized water (washing step repeated 3 times) followed by drying with nitrogen 

and cleaning with plasma for 5 minutes. A glass trapezoid cuvette was repeatedly washed 3 times with 

ethanol (99.5%) and water, and then dried with nitrogen before each measurement. The cuvette was 

then placed in the ellipsometer setup and the gold substrate was vertically mounted. 5 ml of 0.01 mol 

L–1 PBS was then transferred to the cuvette. The ellipsometric cuvette was prepared in the same way 

as indicated below (Fig. 1). The mounting assembly was carefully positioned (vertically), retaining the 
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PBS in the lower pipette tip so that the tip of the assembly was in continuous liquid contact (no air 

bubbles detected) with PBS in the cuvette and the fixed substrate. 

Clamp to 

hold substrate
Substrate 

assembled device

Gold substrate

Ellipsometric cuvette

Microfluidic 

sampling substrate

1 ml  pipette tip 

(after cut)

5 ml  pipette  tip

A B

 

Figure 1. Sample mounting assembly (A) and substrate assembled device and gold substrate 

arrangement (B) used in protein transport studies by null ellipsometry. 

 

Then the null ellipsometer was calibrated according to the procedures reported elsewhere [44]. The 

actual measurement was only attempted when the calibration procedure was deemed successful. The 

ellipsometric measurement was started and a baseline was recorded for the first 300 s. Then, an aliquot 

of the concentrated BSA in 0.01 mol L–1 PBS solution, resulting in the 1 mg mL–1 total BSA 

concentration in the total volume in the cuvette, was added to the upper part of the substrate assembled 

device. The measurement of ellipsometric parameters was continued for 1800 s and the adsorption of 

BSA onto the gold substrate was recorded. The measurements were conducted without stirring to 

imitate no stirring conditions of microfluidic-based sampling and potentiometric measurements. To 

investigate the possible enhancement of the BSA retention, the microfluidic sampling substrates were 

(i) modified with AuNPs, (ii) unmodified and (iii) with empty mounting assembly (blank). The 

preparation of the substrates was done in the same way as indicated above for the solution transport 

studies.  
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2.6. Determination of K+, Na+ and Cl – concentrations in clinical samples. 

The ISEs were first used directly for beaker-based determination of K+, Na+ and Cl– in artificial tears, 

saliva (collected from a human subject tilting head down to pool saliva in the mouth for 2 min, the 

subject was not eating 30 min before the collection of the saliva), artificial serum and sweat (collected 

from a human subject after physical activity). The calibration of each ISE was performed in 10–4.0-10–

1.1 KCl for K+ (slope = 59.1 mV dec–1) and Cl–-ISEs (slope = –57.6 mV dec–1), 10–4.0-10–0.82 mol L–1 

NaCl for Na+-ISEs (slope = 59.4 mV dec–1). The Ag/AgCl (3 mol L–1 KCl) was used as a reference 

electrode. The ISEs were also used for beaker-based measurements of K+, Na+ and Cl– after 

conditioning of the ISEs in 1 mg mL–1 BSA in 0.01 mol L–1 PBS for 30 mins to investigate the influence 

of adsorbed BSA (on the ISM) on the potentiometric determination of ions. The results were compared 

with the concentration determined by ICP-OES (for Na+ and K+) and IC (for Cl–). 

The unmodified and Au-modified substrates were utilized in the potentiometric determination of K+, 

Na+ and Cl– in artificial tears, saliva, artificial serum and sweat. The potentiometric measurements 

were performed by pressing the ISEs and Ag/AgCl (3 mol L–1 KCl) or solid-state reference electrodes 

onto the microfluidic substrate containing standard and or sample solutions. For comparison, beaker-

based ion determination using ISEs was also performed. In all cases, the potential of the cell was 

registered for 60 s. All measurements were performed at room temperature (23 ± 2 °C).  

 

3. Results and discussion 

3.1. Characterization of potentiometric cell utilizing microfluidic solution sampling.  

Various types of potentiometric sensors and reference electrodes have been combined with 

microfluidic sampling and ion analysis [26,27,39,57–60]. Among different electrode arrangements on 

paper substrates, a system consisting of reusable reference electrodes and ISEs together with 

disposable sampling substrates is a cost-effective approach [31,39,61]. Here, a free-standing solid-
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state reference electrode and solid-contact ISEs were applied for potentiometric measurements using 

substrate-based microfluidic sampling (PS, SS, TS1 and TS2) as well as for beaker-based 

measurements. In Fig. 2, the potentiometric responses of a solid-contact Na+-ISE vs. the solid-state 

reference electrode and the conventional single-junction Ag/AgCl (3 mol L–1 KCl) reference electrode 

in beaker- and paper-based microfluidic sampling measurements were compared. The slope of Na+-

ISEs vs. the solid-state reference electrode in beaker-based and paper-based was 55.2 ± 1.3 and 57.5 ± 

2.0 mV dec−1 in the concentration range of 10–5.0-10–1.1 mol L–1 NaCl. In the same concentration range, 

the slope of Na+-ISEs vs. the conventional reference electrode was 57.2 ± 2.0 and 56.7 ± 1.1 mV dec−1 

in beaker-based and paper-based sampling, respectively. Similar behaviour was observed when using 

other substrates (SS, TS1 and TS2) (Fig. S1). The slopes of the Na+-ISEs vs. the solid-state reference 

electrode for substrates SS, TS1 and TS2 were 59.3 ± 0.6, 56.4 ± 0.5 and 54.8 ± 0.8 mV dec−1, 

respectively in the activity range of 10–4.0-10–1.1 mol L–1 of NaCl. For the same measurements applying 

the conventional reference electrode, the slopes were 55.6 ± 1.3, 57.6 ± 0.6, 56.1 ± 0.4 mV dec−1 for 

SS, TS1 and TS2, respectively. Thus, the solid-state reference electrode can be successfully used as an 

alternative to the conventional liquid-junction reference electrode in the microfluidic sampling 

substrate-based measurements. 
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Figure 2. The potentiometric response of Na+-ISEs vs. solid-state and conventional single-junction 

Ag/AgCl (3 mol L–1 KCl) reference electrodes in 10–7.0-10–1.1 mol L–1 NaCl, applying beaker- and 

paper-based measurement protocols (the error bars refer to the standard derivation calculated from 

three repetitions for each measurement). 

 

Moreover, for all types of microfluidic sampling substrates and beaker-based measurements, the two 

types of reference electrodes gave similar low detection limits (LDL) (10–5.1 mol L–1 in beaker-based, 

10–5.0 mol L–1  in paper- and SS-based, 10–4.0 mol L–1 in TS1- and TS2-based microfluidic sampling), 

with the linear range of 10–5.1 to 10–1.1 mol L–1 in beaker-based, 10–5.0 to 10–1.1 mol L–1 in paper- and 

SS-based, 10–4.0 to 10–1.1 mol L–1 in TS1- and TS2-based sampling. However, the substrate-based 

microfluidic sampling exhibited consistently no more than tenfold higher LDL than beaker-based 

measurements. Similar observations were reported in a number of other studies [24–27]. The exact 

reason for the worsening of the LDLs of ISEs coupled with microfluidic substrate-based solution 

sampling remains unknown. For example, when applying microfluidic substrates with very low 

volumes, extra ions originating from the reference electrodes may significantly change the 

concentration at low analyte concentration. Furthermore, possibly the ISM | microfluidic substrate 

interface may be disturbed by ion-exchange or complexation reactions that may take place at the 

microfluidic substrates. If the papermaking process resulted in higher concentrations of cations in the 

paper substrates, these can undergo dissolution or desorption into the sample solution during the 

measurements in dilute solutions, enriching the interfacial concentration of the analyte [26].  

3.2. Characterization of microfluidic sampling substrates 

The concentration-dependent sorption/desorption of potassium and sodium ions to/from paper 

substrates after preconditioning with K+ and Na+ in the concentration range of 10−5.0 to 10−1.1 mol L–1 

KCl and NaCl is presented in Fig. 3. The potassium and sodium concentrations were measured by ICP-
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MS. Additionally, untreated paper substrates were also studied for the sorption/desorption of 

potassium and sodium to/from paper substrates and the results are marked in the figures as bold and 

dotted lines for average and measurement uncertainty (standard deviation, n= 3), respectively. After 

preconditioning of the paper substrates in KCl solution, clear sorption of potassium from the solution 

to the paper substrate was observed for 10−1 to 10−3 mol L–1 KCl conditioning solutions for both 

protocols A and B. This was followed by the slight desorption of potassium from paper substrates for 

10−4 and 10−5 mol L–1 KCl conditioning solutions. These results show clearly that the ion-paper 

interactions are driven by the concentration of the analyte that the substrate is in contact with, 

establishing certain equilibrium states of ion partitioning at this interface. Moreover, in the case of 10–

1 and 10–2 mol L–1 KCl, protocol A resulted in lower sorption of potassium onto the paper substrates 

than protocol B. This indicates that the sorption of potassium was influenced also by the total available 

volume of solution. On the other hand, no specific sorption/desorption behaviour of potassium to/from 

sponge (SS) and textiles (TS1, TS2) was observed (Figures S2, S3and S4). After preconditioning of 

the paper substrates in NaCl solution, the concentration of sodium in the paper after conditioning was 

scattered but the results indicate that sorption predominated over desorption of sodium ions. Similar 

observations were recorded also for sorption/desorption behaviour of sodium to/from sponge (SS) and 

textiles (TS1, TS2) (Figures S2, S3and S4), i.e. the sorption/desorption did not correlate with the 

solution concentration. Furthermore, the high uncertainty of the measurements also for non-

conditioned samples indicates that all the substrates may have varying initial concentrations of sodium. 

Notably, much higher concentrations of sodium over potassium were detected in the paper matrix.  
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Figure 3. The concentration-dependent sorption/desorption of potassium and sodium ions to/from 

paper substrates after preconditioning of the substrates with K+ and Na+ in the concentration range of 

10−5 to 10−1 mol L–1 KCl and NaCl. Protocol A and B are described in the experimental part. 

 

The paper is made of cellulose that contains carboxyl and hydroxyl functional groups. This makes the 

cellulose paper negatively charged, providing sites for the adsorption of cations [62]. In fact, cellulose 

paper was found to be an efficient adsorbent of cations, with a stronger affinity to heavy metals [26,63]. 

Thus, it can be expected that cations will participate in adsorption/desorption equilibria and the 

response of the ISEs can thus be influenced, especially at low analyte concentrations. Similar 

behaviour was observed when coupling ISEs with textile- and sponge-based microfluidic solutions 

sampling. Unfortunately, no viable solution for lowering the detection limit of the ISEs coupled with 

microfluidic sampling substrates is yet available. Nonetheless, for most of the clinically relevant ISEs, 

the microfluidic solution sampling coupled with ISEs offers a Nernstian response within the required 

analytical working range [64].  

Additionally, the microfluidic solution sampling system coupled with the potentiometric cell including 

a solid-contact K+-ISE was characterized by EIS. Typical EIS spectra for a solid-contact K+-ISE in 

contact with 0.1 mol L–1 KCl solution either absorbed into paper (PS) or in a beaker are shown in Fig. 
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4. The spectra exhibit an incomplete semicircle at high frequencies, and a 45° line in the low-frequency 

range (Fig. 4). The latter characteristics describe diffusion in the system, while the semicircle can be 

related to the bulk resistance in parallel with a geometric capacitance of the ISM. The fitting values 

for all studied substrates (PS, SS, TS1, TS2) as well as bulk solution (beaker) are summarized in Table 

S1. Importantly, the fitted values were very similar to the standard K+ ISM (K+-ISE beaker-based 

measurements) for all studied materials (PS, SS, TS1 and TS2). In the case of the sponge substrate 

(SS), significantly higher variation in the EIS results was obtained, likely due to problems in achieving 

homogeneous contact between the solid-contact K+-ISE and SS.  

 

Figure 4. Nyquist plot of representative EIS spectra of solid-contact K+-ISE in contact with 0.1 mol 

L–1 KCl in a paper-based substrate (RED symbols) and in a beaker (BLUE symbols), at OCP. The 

solid lines correspond to the equivalent circuit model (insert), where Rb is the membrane bulk 

resistance, Cg is the membrane geometric capacitance, and W is the Warburg diffusion element. The 

amplitude weighted “fitting quality” factor (r2) in these particular cases are 7.88x10−4 (RED line) and 

2.27x10−4 (BLUE line). 
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3.4 Biofouling and ion determination in clinical samples using ISEs coupled with unmodified paper, 

textile and sponge substrates 

ISEs are prone to biofouling whenever biomolecules (e.g. proteins, fatty acids, enzymes, etc) are 

present in the analyte solution. The BSA is considered as a model biomolecule to study the possible 

biofouling of sensors in clinical samples. In this protocol, freshly prepared and conditioned ISEs are 

brought into initial contact with BSA [44]. Since the BSA adsorption at the ISM is considered 

irreversible, a second BSA adsorption is performed to observe if there are further changes to the 

potential of the ISEs. The potentiometric responses of ISEs (potential change) due to biofouling caused 

by the first contact with 1 mg mL–1 BSA in 0.01 mol L–1 PBS in beaker- and microfluidic sampling-

based measurement setups utilizing PS, SS, TS1 and TS2 were 3.9 ± 1.3 (beaker), 1.2 ± 1.0 (PS), 1.7 

± 1.3 (SS), 2.0 ± 0.2 (TS1) and 1.9 ± 1.6 (TS2) mV, respectively. The potential change of ISEs caused 

by the second contact with 1 mg mL–1 BSA in 0.01 mol L–1 PBS in beaker- and microfluidic solution 

sampling-based measurement setups utilizing PS, SS, TS1 and TS2 were 0.9 ± 1.1 (beaker), 0.7 ± 0.1 

(PS), 3.7 ± 4.3 (SS), 3.0 ± 2.4 (TS1) and 2.0 ± 1.6 (TS2) mV, respectively. The paper-based 

microfluidic sampling coupled with ISEs was characterized with the lowest potential changes, which 

was comparable to the beaker-based second BSA adsorption. All other microfluidic substrates 

exhibited higher potential difference during the second BSA contact. Furthermore, the transport time 

for 0.55 µL of 10 mg L–1 BSA in 0.01 mol L–1 PBS across the microfluidic solution sampling substrates 

fixed in the mounting assembly (Fig. 1) was studied to characterize various microfluidic solution 

sampling substrates as barrier for BSA transport. The PS was characterized with the longest time (629 

± 46 s) to transport 0.55 µL of 10 mg L–1 BSA in 0.01 mol L–1 PBS across microfluidic sampling 

substrates fixed in the mounting assembly. On the other hand, for SS, TS1 and TS2, the transport times 

were 19.7 ± 1.0, 5.7 ± 0.5 and 4.3 ± 0.7 s, respectively. Owing to the densely packed cellulose fibres 

in the paper substrate, this microfluidic sampling substrate provides a better physical barrier for the 
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BSA transport across the substrate. Such a property may be very useful when considering controlled 

delivery of analyte to the electrode surface.  

Additionally, all substrate-based (PS, SS, TS1 and TS2) microfluidic sampling media integrated with 

Na+-, K+- and Cl–-ISEs were applied in the determination of ions in various natural and artificial 

clinical samples (natural sweat, saliva and artificial serum, tears) to validate the applicability of 

different substrates in ion analysis (Table S2). Although some errors are caused while the ISEs respond 

to activity but ICP-OES and IC give total concentrations, it’s negligible when comparing different 

substrates. For comparison, the total concentrations of potassium and sodium were determined by ICP-

OES and chloride was determined by IC (Table S2). The paper sampling substrate (PS) gave results 

for K and Cl that were comparable (with error less than ± 20%) to those obtained by ICP-OES and IC, 

while the sponge substrate (SS) gave more comparable results for Na. The paper (PS) and polyester 

(TS1) substrates gave significantly lower values for Na+ compared to ICP-OES, which can indicate a 

significant sorption of Na+ by these materials. A comparison of ISEs and ICP-OES/IC results in Tables 

S2 indicates that none of the studied sampling substrates would be suitable for all types of clinical 

samples studied, but PS seems to be promising for K+ and Cl–. 

3.5. Biofouling and ion determination in clinical samples using ISEs coupled with gold modified paper 

substrates 

AuNPs have unique physicochemical properties with high surface-to-volume ratio, excellent chemical 

stability and low cytotoxicity. AuNPs can be easily functionalized and produced in various sizes, and 

they have been widely studied in biological applications [65–68]. Moreover, gold has a high affinity 

to BSA making it a suitable material for selective removal of BSA from the sample via adsorption [44]. 

Thus, the modification of paper substrates with AuNPs and sputtered gold can act as additional barriers 

to eliminate/diminish electrode biofouling in clinical samples. The concentration of the prepared 

AuNPs was approx. 0.04 mmol L–1, estimated from UV-Vis measurements (Fig.S5A) and the size of 
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the synthesized AuNPs as shown in TEM micrographs (Fig.S5B) was 10-15 nm. For AuNPs-modified 

paper substrates, the paper was either conditioned for 4 h in the prepared AuNPs suspension or the 

AuNPs suspension was pipetted (30, 60 and 90 µL) onto the paper substrates. For Au sputtered on 

untreated paper substrates different gold sputtering times (50, 100, 200 and 300 s) were used resulting 

in different gold thicknesses on top of the paper substrates.  

The FE-SEM of all modified paper substrates are shown Fig. 5. The AuNPs modification of the paper 

substrates was performed successfully, offering visible clusters of the AuNPs on the paper fibres. The 

distribution of Au-NPs on the paper substrates was further studied by FE-SEM on three independently 

prepared NPPS0 substrates. It was found that Au-NPs evenly distribute over the whole paper substrates 

during modification (Fig. S6). To quantify the amount of gold deposited on each paper substrate, ICP-

OES analysis (after microwave digestion) was performed and the total concentrations of gold in 

NPPS0, NPPS1, NPPS2 and NPPS3 were 4900 ± 407, 1114 ± 232, 1613 ± 214 and 2787 ± 330 ppm, 

respectively. Thus the amount of AuNPs was the highest in the substrate that was given time to 

equilibrate with the Au suspension over 4 h. It is expected that, the shorter conditioning times of paper 

substrates in Au suspension would result in similar AuNPs distribution and concentration as in the 

NPPS0. This work, however, did not address time dependent adsorption of AuNPs onto the paper 

substrate, which will be explored in the future during substrate optimization study. 

Furthermore, FE-SEM (Fig. S7) and optical microscopy (Fig. 5) were carried out to examine the 

surface and cross-section of the Au-sputtered paper substrates. It is evident that sputtering of gold on 

top of the paper substrate did not influence the fibre-based structure of the paper (Fig. S7). Instead a 

coating on top of the fibres was observed using optical microscopy where the longer gold sputtering 

time resulted in a thicker gold layer on top of the paper substrates (Fig. 5). From the cross-section of 

the gold modified paper substrates it is clear that the sputtered gold formed a layer only on one side of 

the substrate, with limited penetration of the gold between the wood fibres.  
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The possible change of surface properties of the paper before and after Au-modification was 

investigated by comparing the water droplet angle (contact angle) immediately after contact with the 

unmodified paper, NPPS0 and SPS1 (Fig 6). The NPPS0 had a noticeable increase of hydrophobicity, 

as compared to unmodified paper. On the other hand, sputtering of a uniform Au layer increased 

significantly the hydrophobicity of the substrate. The increase of the hydrophobicity can be associated 

with the increase of elemental gold present at the surface of the paper substrates, as naturally a more 

uniform and thicker layer of gold is produced by sputtering than AuNPs modifications. In general, the 

introduction of gold (planar or AuNPs) increased hydrophobicity of the paper substrates, which leads 

to attachment of proteins on the surface of the gold. Thus, the antifouling mechanism investigated in 

this work was to irreversibly adsorb biomolecules, e.g. proteins at the surface of the gold so that the 

solution transported to the electrode surface is depleted of these fouling biomolecules. 

The potentiometric responses of ISEs (potential change) due to biofouling caused by the first and 

second contact with 1 mg mL–1 BSA in 0.01 mol L–1 PBS in beaker- and microfluidic sampling-based 

measurement setups utilizing NPPS0, NPPS1, NPPS2, NPPS3, SPS1, SPS2, SPS3 and SPS4 are 

grouped in Table S3. The lowest potential difference after the first and second contact was observed 

using NPPS0 microfluidic substrate. The FE-SEM images of all modified paper substrates after contact 

with 1 mg L–1 BSA in 0.01 mol L–1 PBS are shown Figs. S8 and S9, where no visible changes to the 

morphology of the substrates after adsorption of BSA were observed.  
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Figure 5. FE-SEM of AuNPs distribution on unmodified paper (A), NPPS1 (B), NPPS2 (C), NPPS3 

(D) and NPPS0 (E). Microscope photo of surfaces (×20) of unmodified paper (F), SPS1 (G), SPS2 (H), 

SPS3 (I) and SPS4 (J) with cross-sections (K, L, M, N, O, respectively). 
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Figure 6. The optical images captured in real-time contact angle measurements when the droplet 

contacted the unmodified paper (A), NPPS0 (B) and SPS1 (C). 

 

The transport time for 0.55 µL of 10 mg L-1 BSA in 0.01 mol L–1 PBS across the modified paper 

substrates was studied. The time needed to transport the entire volume of the 0.55 µL of 10 mg L-1 

BSA in 0.01 mol L–1 PBS through gold modified papers is presented in Table 1. The higher the 

concentration of the AuNPs in the paper substrate, the slower the transport of the solution was observed 

to be. Furthermore, unmodified paper, NPSP0, NPPS1, NPPS2 and NPPS3 showed comparable 

transportation time (approx. 300 s) for 0.01 mol L–1 PBS (Table 1), indicating the AuNPs are unable 

to slow down the transportation of 0.01 mol L–1 PBS. On the other hand, the transportation time 

increased with thicker Au sputtered layers substrates (Table 1), thus indicating the sputtered Au created 

a physical barrier to the solution of 0.01 mol L–1 PBS. The introduction of AuNPs to the paper substrate 

slowed down the transport of the solution through the substrate, as compared to the unmodified paper 

substrate (629 ± 46 s). This can be attributed to interactions between the AuNPs and BSA, creating a 

BSA sieve at the paper substrate, stopping and agglomerating the protein within the paper substrates. 

For comparison, the sputtered gold on the paper substrates was characterized with even slower solution 

transport, however, layered gold except for being available for BSA to adsorb it created a physical 

barrier for the solution to pass, contrary to AuNPs modification. It is expected however, that AuNPs 

(NPPS0 substrate) have the highest surface area available for the BSA to adsorb and thus was found 

the most suitable for further investigation. 
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Furthermore, the potentiometric response time of K+-ISEs when coupled with unmodified and gold 

modified paper substrates was studied. The response time of K+-ISEs for unmodified paper, NPPS0, 

NPPS1, NPPS2, NPPS3, SPS1, SPS2, SPS3 and SPS4 were 5.8 ± 2.6, 9.0 ± 1.3, 8.4 ± 3.6, 7.3 ± 0.9, 

9.1 ± 4.6, 7.6 ± 5.1, 10.4 ± 5.1, 13.5 ± 5.5 and 20.5 ± 5.4 s, respectively. The AuNPs modified paper 

substrates showed comparable response time to the unmodified paper substrate. On the other hand, 

owing to the barrier properties of the sputtered gold, the response time of the K+-ISEs when coupled 

with sputtered gold paper substrates was found longer, and increasing with increasing gold layer 

thickness. Nonetheless, in all cases the response times were within the acceptable measurement time 

of 60 s. The longer response time for K+-ISEs when coupled with sputtered gold based substrates 

caused by the presence of physical barrier may pose practical difficulty in controlled solution sampling, 

thus may be a limiting factor when considering their use in fast analytical measurements that require 

precise sampling and stable potential readout times, below 10 s.  

 

Table 1 The transportation times of the 0.55 µL of 10 mg L–1 BSA in 0.01 mol L–1 PBS and 0.01 mol 

L–1 PBS through unmodified and gold modified paper substrates. 

Solution/Time/s 

Unmodified 

paper 

NPPS0 NPPS1 NPPS2 NPPS3 SPS1 SPS2 SPS3 SPS4 

0.01 mol L–1 PBS 319 ± 40 305 ± 19 300 ± 17 281 ± 11 306 ± 34 656 ± 56 727 ± 32 794 ± 65 856 ± 49 

10 mg L–1 BSA in 

0.01 mol L–1 PBS 

629 ± 46 921 ± 47 760 ± 36 742 ± 33 812 ± 33 917 ± 87 1132 ± 36 1199 ± 29 1232 ± 28 

 

To understand the possible retention of BSA within paper substrates, ellipsometry coupled with 

potentiometry was used to explore the BSA adsorption after transport of the BSA solution through the 

NPPS0. To resemble paper-based microfluidic sampling, no stirring of the solution in the ellipsometric 

cuvette was applied. Thus, once the BSA passed through the barrier of the NPPS0 it was expected to 
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reach the ellipsometric gold substrate via concentration-gradient driven diffusion in the 0.01 mol L–1 

PBS solution. Fig. 7 shows the amount of BSA adsorbed onto the ellipsometric gold substrate after its 

transport through empty (blank), unmodified paper (PS) and AuNPs-modified paper (NPPS0) 

substrates in the mounting assembly. In all cases, a nearly stable baseline (adsorption ca. zero) was 

recorded, prior to the addition of the aliquot of BSA in 0.01 mol L–1 PBS to the top of the mounting 

assembly. The measured adsorption of BSA on the ellipsometric gold substrate varied significantly 

between unmodified and AuNPs-modified paper substrates. For example, when no substrate in 

mounting assembly was used, the first noticeable adsorption of BSA was observed after ca. 51 s (from 

the addition of BSA-PBS solution to the mounting assembly). This represents the delay of BSA 

reaching the ellipsometric substrate in the diffusion-controlled transport of BSA, rather than 

convection. Additionally, the initial BSA adsorption rate was found to be 0.0012 mg m−2 s−1 and the 

maximum adsorbed amount of BSA was found to be 1.41 mg m−2. The absence of stirring in the 

ellipsometric cuvette resulted in a slower transport of BSA in the solution, thus even after 3700 s no 

stable adsorption profile was observed. Typically, a full monolayer of BSA on the gold substrate is 

reached within 300 s and the amount of the adsorbed BSA is approx. 2.2 mg m−2. The time delay 

caused by the presence of the unmodified paper substrate was 540 s. The initial BSA adsorption rate 

at the gold substrate was found to be 0.0005 mg m−2 s−1 reaching a maximum 0.93 mg m−2 BSA 

adsorption at 3700 s BSA adsorption time. Those findings indicate that unmodified paper substrates 

pose as a physical barrier for the solution to pass through. Furthermore, paper substrates modified with 

AuNPs showed further delay in the first noticeable adsorption of BSA, namely after 1260 s. 

Additionally, the initial BSA adsorption rate was found to be 0.0003 mg m−2 s−1 and the maximum 

adsorbed amount of BSA was found to be 0.73 mg m−2, which was significantly less (22%) compared 

to unmodified paper substrates. A similar observation was made earlier, i.e. that transport of BSA 

solution through paper modified with AuNPs was slowed down (921 ± 47 s compared to unmodified 

paper 629 ± 46 s). Thus physico-chemical properties of the paper substrate modified with AuNPs 
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improved the substrate’s capabilities to slow down the BSA transport through the microfluidic 

sampling substrate, which may be very useful for practical applications of paper-based sensing systems 

in clinical samples. 
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Figure 7. Amount of BSA adsorbed onto the ellipsometric gold substrate after its transport through 

empty (blank), unmodified paper and AuNPs-modified paper substrates in the mounting assembly 

(Fig. 1). The aliquot of 0.55 µL of 1mg mL–1 BSA in 0.01 mol L–1 PBS was added at 300 s. 

 

The EDXA mapping of NPPS0 after conditioning in 1 mg L-1 BSA in 0.01M PBS was carried out to 

detect the BSA adsorption onto AuNPs (Fig. 8). Generally, BSA contains 31.65% C, 49.83% H, 8.42% 

N, 9.69% O and 0.42% S [69,70], thus through mapping of nitrogen and sulphur the BSA can be 

identified on the surface of gold modified paper substrates. A region of concentrated AuNPs on the 

NPPS0 was chosen to clearly distinguish between the BSA adsorbed on paper and AuNPs. The EDXA 
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mapping of carbon and gold clearly differentiated between the paper substrate and AuNPs. Also, the 

mapping of nitrogen and sulphur, showed evidence of BSA adsorption onto the whole paper substrate, 

with clear concentration of the BSA in AuNP regions, indicating the AuNP modified paper substrates 

are more efficient in adsorption of BSA from the sample solution. 

 

Figure 8. EDXA mapping of carbon, gold, nitrogen and sulphur on the NPPS0 after conditioning in 1 

mg L-1 BSA in 0.01M PBS. 

 

Finally, ion determination in clinical samples was carried out utilizing all gold-modified paper 

substrates. Paper-based microfluidic sampling with Na+-, K+- and Cl–-ISEs was applied for the 

determination of ions in various natural and artificial clinical samples (natural sweat, natural saliva, 

artificial serum, and artificial tears) to validate the applicability of different substrates in ion analysis 

(Table 2). The determination accuracies of Na+, K+ and Cl– concentrations in most of the clinical 

samples improved when using AuNP modified papers, as compared to unmodified paper substrates. 

By using AuNP modified paper, the error reduced from ± 20% to ± 10%. Considering that the activity 

is determined from ISEs, while the total concentrations are obtained from ICP-OES/IC, the error 

should be less. This is especially valid for the NPPS0 substrate with the highest amount of AuNPs, 

being applicable with sufficient accuracy (with error less than ± 10% of the concentrations determined 

by ICP-OES/IC) in most of the samples and for all ions studied. Interestingly, the concentrations 

measured using ISEs coupled with paper-based microfluidic sampling were of higher and lower values 

than those obtained using ICP-OES/IC. The true origin of this behavior is difficult to explain, owing 
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to the high complexity of the sample solutions. Possible errors that may have influenced the 

determination of ions in the sample solutions may have been associated with either unavailability of 

ions for the ISEs (if the ions were complexed, adsorbed or part of biological moieties) or owing to the 

practical aspects of the measurement protocol, e.g. differences in the ionic strength between calibration 

and samples solutions.  

Table 2 The concentrations (mmol L–1) of Na+, K+ and Cl– in saliva, sweat, serum, artificial tear and 

artificial serum samples determined by ICP-OES/IC, Na+, K+, and Cl– -ISEs coupled with paper-based 

microfluidic sampling (applying NPPS0, NPPS1, NPPS2, NPPS3, SPS1, SPS2, SPS3 and SPS4). The 

concentrations that fall into ± 10% of the concentrations determined by ICP-OES and IC are 

highlighted, while those that fall above ± 10% to ± 20% are in bold.   

   Saliva Sweat Artificial tears Artificial serum 1 

Na 

 

ICP beaker 1.58 ± 0.0002 35.09 ± 0.0003 52.17 ± 0.001 130.19 ± 0.001 

 

 

 

 

 

 

 

 

ISE 

 

 

 

 

 

 

 

 

 

 

 

unmodified 2.41 ± 0.14 16.70 ± 0.30 31.98 ± 0.19 143.91 ± 9.66 

NPPS0 1.73 ± 0.57 35.69 ± 3.89 51.40 ± 0.29 135.12 ± 5.67 

NPPS1 2.33 ± 0.82 36.41 ± 1.62 47.97 ± 1.69 157.26 ± 5.11 

NPPS2 3.20 ± 1.94 56.60 ± 3.57 86.47 ± 5.58 145.18 ± 7.12 

NPPS3 1.77 ± 0.56 26.56 ± 1.30 40.92 ± 1.45 149.67 ± 4.81 

SPS1 3.27 ± 0.79 28.18 ± 4.19 38.02 ± 5.14 153.40 ± 12.82 

SPS2 3.01 ± 0.59 30.29 ± 0.31 44.75 ± 0.84 153.95 ± 7.82 

SPS3 2.38 ± 0.67 29.39 ± 4.16 10.45 ± 0.35 158.41 ± 5.14 

SPS4 3.51 ± 0.86 42.62 ± 5.60 60.81 ± 4.99 159.74 ± 13.09 

K 

 

 

 

 

 

 

 

 

ICP beaker 17.31 ± 0.0001 8.62 ± 0.00003 14.86 ± 0.00005 8.69 ± 0.0001 

ISE 

 

 

 

ISE 

 

 

 

 

 

 

 

unmodified 20.39 ± 5.81 10.73 ± 0.05 20.44 ± 0.21 6.32 ± 2.41 

 NPPS0 16.11 ± 2.10 6.60 ± 4.18 18.29 ± 4.11 7.95 ± 0.88 

 NPPS1 13.77 ± 3.23 6.93 ± 13.21 20.76 ± 2.32 7.64 ± 2.09 

 NPPS2 14.82 ± 4.64 6.12 ± 3.30 24.77 ± 2.49 8.03 ± 1.30 

 NPPS3 15.83 ± 1.83 5.67 ± 4.74 17.46 ± 4.30 10.02 ± 1.12 

 SPS1 21.77 ± 2.92 6.13 ± 1.32 20.34 ± 2.31 6.08 ± 2.11 

 SPS2 22.51 ± 3.35 5.04 ± 0.96 

 

 

 

 

 

15.03 ± 1.81 7.91 ± 1.89 

 SPS3 19.88 ± 5.53 4.82 ± 1.96 16.46 ± 0.59 6.79 ± 2.70 

 SPS4 20.42 ± 5.66 6.68 ± 0.78 19.38 ± 1.56 6.23 ± 2.73 

Cl 

 

IC beaker 8.97 ± 0.0004 45.92 ± 0.0003 89.25 ± 0.0003 95.59 ± 0.0001 

ISE 

 

 

 

ISE 

 

unmodified 10.55 ± 2.23 41.17 ± 0.71 73.63 ± 0.16 112.41 ± 5.12 

 NPPS0 9.85 ± 2.38 105.40 ± 25.39 76.51 ± 1.99 111.72 ± 3.35 

 NPPS1 11.99 ± 1.97 142.78 ± 23.73 63.85 ± 3.59 120.15 ± 7.23 

 NPPS2 12.27 ± 4.67 145.89 ± 22.43 55.61 ± 12.83 113.11 ± 5.39 
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 NPPS3 9.91 ± 5.12 93.22 ± 11.10 56.66 ± 0.99 118.82 ± 4.02 

 SPS1 11.42 ± 4.32 164.28 ± 3.14 155.12 ± 10.34 127.16 ± 2.61 

 SPS2 12.15 ± 2.45 88.64 ± 4.39 73.41 ± 2.51 130.21 ± 5.92 

 SPS3 12.46 ± 4.63 89.82 ± 11.74 67.65 ± 8.40 120.65 ± 4.12 

 SPS4 13.01 ± 2.50 136.88 ± 7.96 7.83 ± 0.33 125.29 ± 10.48 

 

Moreover, it is recognized that paper-based analytical systems, including those with potentiometric 

sensors, may have most evident applicability in measurements of ions in blood serum or whole blood.  

For that reason, additional artificial serum samples were used to validate the use of various ISEs 

coupled with the NPPS0 in the detection of Na+, K+, and Cl–. To have a more compact and robust 

potentiometric setup, a solid-state reference electrode was used with the ISEs in the potentiometric 

cell. The concentrations of Na+, K+ and Cl– in artificial serum samples 2 and 3, determined by ISEs 

and ICP-OES/IC, are shown in Table 3. In all cases, the concentrations determined by ICP/IC were 

higher than those recorded using ISEs. Taken the complexity of the serum samples, the deviation 

between ISEs and ICP-OES/IC determinations were expected. Nonetheless, the use of the solid-state 

reference electrode in potentiometric cell was found comparable to the ones when utilizing single 

junction conventional reference electrode.  

Table 3 The concentrations (mmol L–1) of Na+, K+ and Cl– in artificial serum samples 2 and 3 

determined ISEs and ICP-OES/IC.  

  Artificial serum 2 Artificial serum 3 

Na ICP 121.87 ± 0.17 155.70 ± 0.07 

ISE  

 

 

 

 

 

 

 

112.82 ± 27.06 

 

133.87 ± 20.49 

K ICP 8.75 ± 0.005 14.35 ± 0.014 

ISE 

 

 

 

ISE 

 

 

 

 

6.77 ± 0.83 11.50 ± 2.53 

Cl IC 98.53 ± 0.0001 124.32 ± 0.0001 

ISE  

 

 

 

ISE 

 

 

 

62.69 ± 8.48 87.25 ± 6.38 

 

Finally, it is believed that an initial adsorption of BSA onto the ISM may be beneficial for the 

subsequent measurements [44]. For that reason, freshly prepared and conditioned ISEs and ISEs 

conditioned in in 1mg mL–1 BSA in 0.01 mol L–1 PBS for 30 mins (fully adsorbed layer of BSA at the 
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surface of the ISM) were used for the detection of ions in the same clinical samples, as above. The 

results were compared to the ICP-OES/IC measurements (Table S4). The determination of ions done 

with ISEs after full adsorption of BSA showed poorer performance as compared to freshly prepared 

ISEs. One of the reasons for that may be the fact that slopes for freshly prepared ISEs in most cases 

was closer to the Nernstian (K+-ISE: 59.1 mV dec–1, Na+-ISE: 59.4 mV dec–1 and Cl–-ISE: -57.6 mV 

dec–1) than those for BSA modified ISEs (K+-ISE: 59.8 mV dec–1, Na+-ISE: 56.9 mV dec–1 and Cl–-

ISE: -50.7 mV dec–1). It was previously reported that BSA adsorption lowers the Nernstian slope of 

ISEs [44]. Although BSA adsorption at the surface of the ISEs was found beneficial to decrease 

variations of the potential caused by the introduction of the adsorbing moiety in the sample solution, 

it may be detrimental to the accuracy of the ion determination because of the lower Nernstian slope of 

the sensor. For that reason, eliminating or diminishing BSA adsorption at the surface of the electrode 

had a positive effect on the accuracy of the determination of ions in various samples. 

 

Conclusion  

Microfluidic sampling materials based on paper, sponge and textiles were characterized and applied 

for potentiometric ion determination utilizing solid-contact ion-selective electrodes and a solid-state 

reference electrode. Among the microfluidic materials studied, unmodified paper exhibited 1-2 orders 

of magnitude lower rate of fluid transport, compared to the sponge and textiles studied. Modification 

of paper by AuNPs reduced the flow rate through the paper by ca 20-50 % when the concentration of 

AuNPs in the paper was ca 0.1-0.5 %. The paper substrate containing AuNPs was compared with 

unmodified paper as sampling matrix for the potentiometric determination of Na+, K+ and Cl– in sweat, 

saliva, artificial tears and artificial serum. Unmodified paper tended to show better precision (lower 

standard deviation between measurements) but lower accuracy, while the gold-modified paper tended 
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to show better accuracy (values closer to those of ICP-OES and IC) but lower precision of the 

analytical results.  

It is clear that the modified paper substrate performs well as sampling substrates, although its 

effectiveness as antifouling substrate for protection of the sensor may be limited. The paper substrate 

cannot entirely eliminate the transport of biofouling moieties from the sample solution to the sensor 

surface. It is providing only a barrier that hinders/lowers the transport of these biofouling moieties. 

The improved analytical accuracy obtained with gold-modified paper can be related to less biofouling 

as a result of BSA adsorption on AuNPs. Therefore, the obtained results can be a useful foundation for 

further design of antibiofouling microfluidic paper-based analytical devices utilizing electrochemical 

detection. 
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